Dietary patterns, food groups, and nutrients as predictors of plasma choline and betaine in middle-aged and elderly men and women [1] [2] [3] Svetlana V Konstantinova, Grethe S Tell, Stein E Vollset, Arve Ulvik, Christian A Drevon, and Per M Ueland ABSTRACT Background: Choline and betaine are linked to phospholipid and one-carbon metabolism. Blood concentrations or dietary intake of these quaternary amines have been related to the risk of chronic diseases, including cardiovascular disease and the metabolic syndrome. Objective: We aimed to determine dietary predictors of plasma choline and betaine among middle-aged and elderly subjects recruited from an area without folic acid fortification. Design: This is a population-based study of 5812 men and women aged 47-49 and 71-74 y, within the Hordaland Health Study cohort. Plasma concentrations per increasing quartile of intake of foods, beverages, and nutrients were assessed by multiple linear regression analysis, and dietary patterns were assessed by factor analysis. Results: Plasma choline was predicted by egg consumption (0.16 mol/L; P 0.0001) and cholesterol intake (0.16 mol/L; P 0.0001), and betaine was predicted by consumption of high-fiber bread (0.65 mol/L; P 0.0001); high-fat dairy products (Ҁ0.70 mol/L; P 0.0001); complex carbohydrates, fiber, folate, and thiamine (0.66-1.44 mol/L; P ͨ 0.0002 for all); and total energy (0.45 mol/L; P ҃ 0.004). Plasma choline was not significantly associated with any identified dietary patterns, whereas betaine was negatively associated with a Western dietary pattern with a high loading for meat, pizza, sugar, and fat (P 0.0001).
INTRODUCTION
Choline and betaine are quaternary amines with a close metabolic link (1) (2) (3) . Choline and its derivatives have several biologic functions by serving as components of structural lipoproteins, blood, and tissue lipids and as a precursor of the neurotransmitter acetylcholine (1) . Betaine acts as an osmolyte and as a methyl group donor in the remethylation of homocysteine to methionine, a conversion also catalyzed by a folatedependent reaction (2, 4) .
Both choline and betaine can be obtained from the diet (5) . Choline is mostly present in foods of animal origin, such as liver, milk, meat, and eggs, whereas betaine is found in foods of plant origin, such as wheat bread, spinach, and beetroot (5, 6) . Dietary recommendations for choline have been defined (6) . In addition, both choline and betaine may be formed endogenously. Betaine is produced by oxidation of choline (2, 4) , whereas the most abundant choline derivative, phosphatidylcholine, is synthesized from phosphatidylethanolamine, which is catalyzed by phosphatidylethanolamine methyltransferase (2) .
Dietary intake of betaine and choline has recently been inversely associated with inflammatory markers related to atherosclerosis (7) and with plasma concentrations of total homocysteine (8) . Supplementation with either choline (9) or betaine (10 -12) decreases plasma total homocysteine. However, betaine has caused dyslipidemia in some studies (13, 14) , but the alleged adverse effect on the lipid profile has been questioned (15) . No relation has been found between betaine and choline consumption and the risk of cardiovascular disease (16) .
Studies have shown that the concentrations of choline or betaine in serum or plasma are determined by a variety of biological and acquired factors, which include age, sex, the methylenetetrahydrofolate reductase (MTHFR) 677C3 T polymorphism, smoking, exercise, folate status, and kidney function (17) (18) (19) (20) . Notably, several acquired factors that compose the metabolic syndrome (21) , including triglycerides, body mass index (BMI; in kg/m 2 ), percentage body fat, and waist circumference, show divergent associations with plasma choline and betaine. An adverse cardiovascular risk factor profile is associated with high plasma concentrations of choline and low plasma concentrations of betaine (22) .
Data on the effect of diet on betaine and free choline in serum or plasma are important to the consideration of whether the link to the metabolic syndrome reflects dietary pattern or a metabolic dysfunction (22) . The Hordaland Health Study afforded the examination of plasma choline and betaine in relation to foods, beverages, nutrients, and dietary pattern in a large population of men and women aged 47-49 and 71-74 y in Norway, where food is not fortified with B vitamins.
SUBJECTS AND METHODS

Subjects
The Hordaland Health Study was conducted from 1997 to 1999 as a collaboration among the National Health Screening Service (now the Norwegian Institute of Public Health), the University of Bergen (Norway), and local health services. Of the total sample of 9187 men and women born in 1925-27 and 1950 -51 who were invited to participate in the Hordaland Health Study, 7074 (77%) participated. Participants underwent a brief health examination and donated a nonfasting blood sample. Information on diet and lifestyle was collected via self-administered questionnaires. The plasma choline and betaine values were measured in 7045 subjects (99.6%), and 6112 subjects (87%) also completed a food-frequency questionnaire (FFQ).
We excluded participants with reported energy intake below the 2.5th percentile (2118 kJ for women 71-74 y old and 3893 kJ for women 47-49 y old; 3855 kJ for men 71-74 y old and 5529 kJ for men 47-49 y old) and above the 97.5th percentile (11 133 kJ for women 71-74 y old and 13 086 kJ for women 47-49 y old; 14 023 kJ for men 71-74 y old and 17 621 kJ for men 47-49 y old). Thus, 131 men and 169 women were excluded from the analyses, for a final cohort of 5812 participants. There were no significant differences in plasma choline or betaine between users and nonusers of vitamin supplements. Therefore, the 2 groups were combined for analyses.
All subjects gave written informed consent. The study protocol was approved by the Regional Committee for Medical Research Ethics and the Norwegian Data Inspectorate.
Food-frequency questionnaire
In the present study, we used a slightly modified version of a previously described 167-item FFQ (23) . The modified FFQ 1 Values are mean (and 95% CI) differences in plasma choline and betaine per increasing quartile or group of predictor variable from multivariate linear regression models adjusted for age group, sex, energy intake, and time since last meal. Two-sided P values are for the effect of food group or food item.
2 Categorized in 3 groups: nonuse compared with 2 equal groups of increasing consumption.
includes frequency alternatives (from 1 time/mo to several times/ d), the number of units eaten, and portion sizes (eg, slices, glasses, cups, pieces, or spoonfuls) to capture the habitual diet during the past year. The information from the FFQ is presented as individual food or beverage items, food groups, and nutrients. Individual food items corresponded to the items listed on the questionnaire, whereas food groups included related food items (eg, the "bread" food group contained bread with low, medium, and high amounts of fiber).
In addition to individual food items, the FFQ included questions about the most commonly used brands of single-vitamin and multivitamin supplements on the market at the time of the study. Daily nutrient intakes were computed from a database and software system developed at the Department of Nutrition, University of Oslo (KBS software, version 3.2; University of Oslo, Oslo, Norway). The nutrient database is mainly based on the official Norwegian food composition table with an update on folate content from 2001 (24) . For the dietary pattern analysis, we assigned each of the 167 single-food items in the questionnaire to 1 of 41 nonoverlapping food groups, so that each group contains foods with similar ingredients.
Health examination and analytic procedures
A brief examination included measurements of height and weight. Nonfasting blood samples used for the preparation of plasma were collected into evacuated tubes containing EDTA, placed in a refrigerator (at 4 -5°C) within 15-30 min, and then centrifuged, usually within 1 h (maximum: 3 h). Tubes containing EDTA-plasma were stored at Ҁ80°C. Plasma free choline, betaine, total homocysteine, and creatinine concentrations were measured by using a high-throughput method based on normalphase liquid chromatography-tandem mass spectrometry detection (18) .
Statistical analysis
Differences in consumption of food groups and nutrients between age groups and sexes were assessed by using independentsample t tests or chi-square tests. Sex ҂ age group interactions were tested by logistic regression analysis or linear regression analysis. Associations of plasma choline and betaine with predictor variables (food groups and nutrients) were analyzed by multivariate linear regression. All regression analyses were conducted separately for women and men. Because the observed associations were similar for both sexes, results are presented for the total sample, adjusted for age group, sex, energy intake, and time since last meal.
Continuous predictor variables (ie, food groups, beverages, and nutrients) were categorized in quartiles, with the exception of refined and medium-fiber bread, mushrooms, skim milk, butter, tea, beer, and liquor. Because of low consumption of these foods and beverages (50% of participants), 3 categories were used: nonusers and 2 equally large groups of users. We used 2 multivariate models: model 1 was adjusted for age group, sex, energy intake, and time since last meal, and model 2 was as model 1 with additional adjustment for smoking, physical activity, dietary folate, and vitamin B-6. In each analysis, the main effect measure was the mean difference in choline or betaine per increasing quartile, or contrasting group, of the independent variable. Major dietary patterns were obtained by principal component analysis. Three factors with eigenvalues 2, which together accounted for 21% of the total variation, were extracted on the basis of the scree test and evaluation of the loading matrix after orthogonal (varimax) rotation. The derived factors (food patterns) were labeled Western, Healthy, and Traditional. We categorized participants by quartiles of dietary pattern scores, and we calculated mean differences in plasma choline and betaine per increasing quartile of dietary pattern score by using multivariate linear regression analyses after adjustment for age group, sex, energy intake, and time since last meal. We also adjusted for smoking, BMI, and physical activity to control for possible confounding by these lifestyle factors.
All statistical analyses were performed by using SAS for WIN-DOWS software (version 9.1; SAS Institute Inc, Cary, NC).
RESULTS
Population characteristics and diet
Descriptive statistics and dietary habits of the study population are shown in Table 1 . There were significant age and sex differences in the consumption of most food items, beverages, and nutrients. The highest consumption of bread, meat, and eggs was observed in middle-aged men, and the lowest consumption was observed in elderly women. A similar age distribution was observed for cholesterol and saturated fat. Consumption of vegetables was highest in middle-aged women. Consumption of fruit in men and women did not differ significantly.
Choline and betaine according to dietary items and beverages
The concentrations of plasma choline and betaine according to intake categories of food groups and beverages were measured by linear regression after adjustment for age, sex, energy intake, and time since last meal ( Table 2 ). The highest mean differences in plasma choline concentrations per increasing quartile of food item were observed for eggs (0.16 mol/L; P 0.0001) and coffee (Ҁ0.10 mol/L; P ͨ 0.0006), whereas no significant association with meat consumption (processed and nonprocessed) was observed.
Plasma betaine showed the strongest positive association with high-fiber bread (0.65 mol/L per quartile; P 0.0001). The strongest inverse associations per increasing quartile of food group were seen for butter and cream (Ҁ0.74 and Ҁ0.70 mol/L, respectively; P ͨ 0.0002), sweets and chocolate (Ҁ0.58 and Ҁ0.54 mol/L, respectively; P 0.0001), nonprocessed meat (Ҁ0.47 mol/L; P ҃ 0.002), and alcoholic beverages (Ҁ0.46 mol/L; P ҃ 0.002). No significant associations were seen between plasma betaine and fruit and vegetables (except mushrooms). The associations listed in Table 2 were essentially the same after additional adjustment for smoking, physical activity, dietary folate, and vitamin B-6 (data not shown).
Choline and betaine according to nutrient intake
The concentrations of choline and betaine in plasma according to nutrients were assessed in a similar linear regression model (after adjustment for age group, sex, energy intake, and time since last meal ( Table 3) . Among the nutrients, only cholesterol showed a significant association with plasma choline (0.16 mol/L per quartile; P 0.0001), whereas plasma betaine was positively associated with several nutrients, including complex carbohydrates, fiber, folate, and thiamine (0.66 -1.44 mol/L per quartile; P ͨ 0.0002). The strongest inverse associations with plasma betaine were seen for saturated fat, all fat, and monounsaturated fat (Ҁ0.99, Ҁ0.85 and Ҁ0.82 mol/L, respectively; P ͨ 0.0007) and for alcohol (Ҁ0.69 mol/L per quartile; P 0.0001). These associations were materially not changed after additional adjustments for smoking, physical activity, dietary folate, and vitamin B-6 (data not shown). Plasma betaine but not plasma choline was positively related to energy intake (0.45 mol/L per quartile; P ҃ 0.004).
Choline and betaine according to dietary patterns by factor analysis
We identified 3 dietary patterns by factor analysis ( Table 4) . The factors were labeled Western (ie, high in meat, refined grain products, fat, and sugar), Healthy (ie, high in vegetables and fruit), and Traditional [ie, high in potatoes, fish, and (cooked) vegetables]. In a regression model with adjustment for age group, sex, energy intake, and time since last meal, plasma choline and betaine were not positively associated with any of the identified dietary factors. Plasma betaine was inversely related to the Western pattern (P 0.0001; Table 5 ). After additional adjustment for smoking, BMI, and physical activity, the association with the Western dietary pattern became slightly weaker but was still statistically significant (P ҃ 0.0001).
DISCUSSION
Principal findings
In this study of 5812 men and women aged 47-49 or 71-74 y, egg consumption was the only dietary item that predicted plasma choline, whereas plasma betaine was most strongly associated with high-fiber bread intake and inversely related to high-fat dairy products, sugar-containing foods and beverages, and alcoholic beverages. Among nutrients, only cholesterol was associated with plasma choline, whereas betaine was associated with complex carbohydrates, fibers, folate, thiamine, and total energy intake. Choline and betaine were not positively associated with any of the identified dietary patterns.
Strengths and weaknesses
The present study is the first population-based study of dietary predictors of plasma choline and betaine. The large size of the study population provides precise estimates of differences in plasma choline and betaine concentrations in relation to dietary intake of food items and nutrients. We used a validated 167-item quantitative FFQ (23, 25) . Folate, fruit, and vegetable intakes estimated by this FFQ in the present population were previously found to be highly correlated with plasma folate concentrations (26) . Unfortunately, the Norwegian food-composition tables, and thus the nutrient database, do not include information on choline and betaine content, and the relation between intakes and plasma concentrations of choline and betaine was not assessed in the present study.
Information on lifestyle factors and time since last meal was also available, which allowed the investigation of dietary predictors after control for possible confounders, including the moderate postprandial increase in choline and betaine (18) . A potential limitation is related to the collection of dietary data using an FFQ, which has inherent problems of inaccuracy and potential misclassification of dietary intake (27, 28) . Nonfasting plasma samples were collected for practical reasons, and there could be residual confounding from recent food consumption even after adjustment for time since last meal.
We measured free choline, but food contains various choline species, including water-soluble (ie, choline, phosphocholine, and glycerophosphocholine) and lipid-soluble (ie, phosphatidylcholine and sphingomyelin) forms (1) in amounts that are correlated (5). Once absorbed, they are metabolized and are interconvertible, but the relation and flux between different choline pools are complex and not fully understood.
Dietary items and nutrients
Our observation that plasma choline showed the strongest associations with egg consumption and cholesterol intake is in accordance with the high content of phosphatidylcholine (5) and cholesterol (29) in eggs. Other dietary sources of choline, such as meat and other animal products (5), were not related to plasma choline concentrations. This observation is consistent with the results from the factor analyses, where the dietary pattern denoted Western did not predict plasma choline.
The strongest predictors of plasma betaine were high-fiber bread and nutrients such as complex carbohydrates, fiber, folate, and thiamine. These relations may be explained by the high betaine content of grain products (5), which are also rich in complex carbohydrates, fiber, folate, and thiamine (30) . In addition, folate has a sparing effect on betaine, as suggested by the increase in plasma betaine after folic acid supplementation (20) .
Dietary pattern and the metabolic syndrome
We previously reported that plasma choline and betaine show divergent association with several components of the metabolic syndrome. Choline showed a positive relation to serum triglycerides, glucose, BMI, body fat, and waist circumference, whereas 3 Adjusted for age group, sex, energy intake, and time since last meal. 4 Adjusted for age group, sex, energy intake, time since last meal, smoking, BMI, and physical activity.
plasma betaine was inversely related to these factors in addition to non-HDL cholesterol and systolic and diastolic blood pressure and positively related to HDL cholesterol (22) . Several studies have shown that a healthy diet characterized by high amounts of fruit, vegetables, legumes, whole grain, poultry, and low-fat dairy products is associated with lower risk of the adverse components of the metabolic syndrome, whereas an energy-dense Western diet rich in refined grains, cakes, sugar, processed red meat, fried foods, and butter has an opposite effect and increases the risk (31) (32) (33) . Conceivably, the observed divergent relations of plasma choline and betaine with components of the metabolic syndrome could reflect diet if high intakes of meat and fruit or vegetables increase plasma choline and betaine, respectively. However, this possibility is not in agreement with the observations that betaine rather than choline was positively associated with total energy intake and that neither plasma choline nor betaine was positively related to the Western or Healthy dietary patterns. Furthermore, cholesterol, to a large degree derived from the intake of eggs, was the only nutrient that was associated with plasma choline, which showed no association with serum non-HDL cholesterol in a previous report from this study population (22) . Taken together, these observations do not support the contention that the link between plasma choline and betaine and the metabolic syndrome reflects dietary intake.
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